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Abstract 

The  US  Army  Research  Liboeatocy  (ARL)  was  directed  to  investigate  various  ways  to  expand 
current  steel  armor  plate  production  as  the  large  military  demand  for  armor  plate  exceeded  the 
current  production  capacity*  at  US  steel  facilities  for  quench  and  tempered  high  hard  armor 
(10 LA)  steel  plate.  The  solution  was  to  expand  the  availability  of  H1LA  steels  under  the  cuncr* 
IfllA  military  specification  (MIL-DTL461C©)  to  include  a  new  class  of  air  cpcoched.  aito- 
tempered  steels  that  do  not  use  existing  water  quench  and  temper  facilities.  Allegheny 
Technologies  Incorporated  (ATT)  developed  an  auto  tempered  steel  alloy  ATI  500  MIL™  chat 
has  physical  and  mechanical  prcpertxs  that  meet  the  cuimt  IfllA  specific  alien.  ARL  procured 
sufficient  ameunts  of  ATI  SO) -MIL™  plate  to  allow  acceptance  testing  and  suhseepeat 
certification  of  AH  5CO  MIL™  plate  as  complying  with  dr  First  Article  requirements  of  the 
newly  revised  MIL-DTL461C0E  specification.  This  paper  documents  the  development  of  AH 
500 MIL™  plate  and  subsequent  ballistic  testing  and  inclusion  into  the  specification  as  Class  2 
mto- tempered  IfllA  steel. 


Introduction 


The  U.S.  armor  community  is  currently  engaged  in  accelerated  efforts  to  deliver  light-weight 
xroor  technologies  that  can  defeat  armce-pierczng  (AP)  projectiles  at  re  dozed  areal  weights  that 
xe  available  across  a  large  iiu&astrial  base.  While  mrey  of  these  programs  involve  the 
ipplicatico  of  lower  density  metals  such  as  aluminum  and  titmium.  the  selection  of  steel  alloys 
is  still  competitive  for  many  ballistic  and  structural  ipplicaticns;  the  ability  to  fabricate  armor 
components  in  both  commercial  and  military  operaticoal  areas  with  available  equipment  and 
personnel  is  a  mayor  ad  vintage  of  steel  solutions.  To  meet  these  requirements,  the  US  armor 
cormamity  has  ircreased  the  availability  erf  quench'd  and  tempered  armor  steels  by  updating 
current  steel  military  specifications  2nd  the  most  important  has  been  the  updated'reviscd  MIL 
DTL-461COE.  Armor  Plate.  Steel.  Wrought.  High-Hardness  [11-  This  unproved  specification  was 
necessary  to  supply  the  large  steel  demands  fee  ccmbat  operations  in  Iraq  and  Afghanistan.  This 
HHA  specific alien  allows  modem  coeftimxws  processing  technologies  to  be  used  efficiently  as 
wel  as  introducing  a  new  class  of  auto-teczperrd  high  had  steels. 


ARL  was  directed  to  investigate  various  ways  to  expund  current  steel  armor  plate  production  as 
the  lruge  military  demand  for  armcc  plate  exceeded  the  current  production  crpacity  at  US  steel 
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facilities  for  quench  and  tempered  HHA  steel  armor  plate.  The  solution  was  to  expand  the 
availability  of  11UA  steels  under  the  current  military  specification  to  include  a  new  class  of  air* 
quenched,  auto  tempered  steels  that  do  not  use  existing  water  quench  ard  temper  facilities. 
Allegheny  Technologies  Incorporated  (ATI)  developed  on  auto  tempered  ATI  500-MIL™  steel 
alloy  that  has  physical  and  mechanical  properties  that  meet  the  current  HHA  specification.  ARL 
procured  sufficient  amounts  of  ATI  500-MIL™  plate  to  allow  acceptance  testing  and  wbseque:* 
certification  of  ATI  5CX.MIL™  plate  as  complying  with  the  First  Article  requirement*  of  the 
newly  revised  MIL-DTU-461CXE  specification. 

Cwrently.  the  highest  performing  \SS.  made  steel  alloys  for  AP  bullet  protection  ore 
manufactured  to  MIL-DTU461CXE  HHA  with  a  hardness  range  of  477*534  BHN  and  to  MIL*  A* 
46W9C  Dual  Hardness  Armor  (DBA)  that  is  produced  by  roll  banding  a  601*712  BHN  front 
plate  to  a  461*534  BHN  bock  plate  [2].  The  roll  banded  DHA  steels  arc  complex  to  produce  and 
have  known  pro&ctioo  limitations.  In  the  near-term,  the  US  Amy  will  be  releasing  a  new 
ultrohigh  hard  steel  specification  for  plate  holiness  over  534  BHN  that  will  further  expand  the 
hardness  range  for  ballistic  app>lic2*icus.  The  improved  ballistic  resistance  erf  steel  as  a  function 
of  increasing  hardness  is  well  established  in  the  ballistic  community,  particularly  by  Rapacki  cl 
ai  in  the  15*  lx* emotional  Symposium  on  Ballistics  [31.  ICHA  steel  increases  AP  bullet  defeat, 
reduces  armor  weight,  and  is  less  difficult  to  manufacture  than  the  DHA.  This  paper  documents 
the  development  of  ATT  500- MIL™  plate  and  subsequent  ballistic  testing  and  inclusion  into  the 
specification  as  Gass  2  auto  tempered  HHA  steel 

Allegheny  Technologies  ATI  500-MIL™  Plate 

In  Jure  2008.  ATI  announced  the  successful  launch  of  a  new  class  of  HHA  specialty  steel  This 
next  generation  *mar  steel,  designated  ATI  500- MIL™,  was  developed  in  response  to  limited 
American  HHA  production  and  limited  performance  features  of  materials  in  this  class. 
ATI  500-MIL™  alloy  is  melted  rolled,  and  finished  in  Amenca  on  fully- integrated  assets  owned 
2od  operated  by  ATI.  This  new  material  is  designed  to  offer  additional  features  that  were  not 
previously  available  in  traditional  quench  and  temper  high  hard  armor  steels.  Product  design  is 
also  gejffed  to  obtain  improvement*  in  ballistic  and  blast  resistance  when  compared  with  other 
HHA  materia is.  ATI  500-MIL™  steel  plate  is  designed  to  meet  the  requirements  in  NflL-DTU* 
461CXE  while  also  offering  features  thul  address  several  common  challenges  frequently 
encountered  with  conventional  HHA  plates. 

The  composition  of  ATI-SOOMIL™  alloy  includes  appreciable  amcents  of  Ni-Cr-Mo  which 
results  in  relatively  high  hardenability  and  increased  toughness  compared  to  other  HHA  alloys 
(Tables  1  and  2)  [41  As  a  result,  the  balzoced  combination  of  unique  properties  and  consistent 
quality  allows  this  alloy  to  meet  the  specificaaons  outlined  in  the  MIL-DTT-46100E  which  was 
recently  revised  to  account  for  these  improvements. 


ATI -500-MIL™  armor  addresses  secondary  processing  difficulties  associated  with  various 
operations.  Specifically,  operations  such  as  forming  (cold  and  hot),  cutting  or  sectioning,  and 
post  epe ration  beat  treatments  foe  restorations  of  ballistic  properties  were  successfully  alleviated. 
These  post -process  improvement*  jto  partly  due  to  the  fact  that  the  alloy*  is  auto-tempered  upon 
air-coding,  thereby  eliminating  the  traditional  liquid  quenching  and  temper  treatment.  The 
slower  air-cooling  combined  with  ATT s  proprietary  processing  results  in  significantly  higher 
dimensional  stability  of  the  armor. 
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Residual  stresses  in  ATI  500-MIL™  protects  are  also  reduced  compared  to  traditiceul  licjaid 
quenched  az>d  tempered  products.  Hxse  improvements  result  m  flatter  armoc  product  thz< 
exhibits  mini  mil  distcctxm  during  fabrication  operations  such  as  hot  or  cold  cutting.  Since  the 
product  is  auto  tempered,  the  alloy  does  not  require  jay  special  post-welding  cpe  rati  cos 
involving  liquid  quenching  and  temper  to  restore  ballistic  properties. 

Table  l .  Chemical  Composition  of  ATI  500  MIL™  Piste 
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fe-j 

£9 
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£3 

H 
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ATI  500-MIL™ 

■jv>£n 

0.25 

0.45 

o.so- 

120 
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2.00 

3.50- 

4.X 

Table  2  Mechanical  Properties  of  ATI  500 MIL™  Plate 
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EXPERIMENTAL  PROCEDURE 

The  ballistic  performance  of  ATI  500- NHL™  steel  pistes  was  dele  mured  by  obtaining  the  V« 
ballistic  limit  for  each  thickness  of  plate  against  the  corresponding  specified  test  projectile.  The 
test  methodology  is  described  in  detail  in  the  MILSTD662F  (51.  The  V;©  ballistic  limit  is  the 
velocity  at  which  an  equal  number  of  fair  impact  complete  penrtrsdco  (target  is  defeated)  and 
partial  penetration  (target  is  not  defeated)  velocities  are  attained  usmg  the  09 -and- down  firing 
method.  Fair  impact  is  defined  as  occurring  when  a  projectile  with  an  acceptable  yaw  strikes  the 
target  at  a  distance  of  at  least  two  projectile  diameters  from  a  previously  damaged  impact  area  or 
edge  of  plate.  A  complete  penetration  is  determined  by  placing  a  0.5mra  (0.020")  2024  T3 
aluminum  witness  plate  152.6mm  (6.00")  behind  and  parallel  to  thr  target.  If  any  penetratce  or 
target  fragment  strikes  this  witness  plate  with  sufficient  energy  to  create  a  hole  through  which 
light  passes,  the  result  is  considered  a  complete  penetration  A  partial  penetration  is  any  impact 
that  is  not  a  complete  penetration.  For  the  MIL-DTL-46100E  specification,  the  V»  ballistic  Limit 
is  defined  as  the  average  of  six  fair  i  1x9 act  velocities  comprising  tie  three  lowest  velocities 
resulting  in  complete  penetration  xtd  the  three  highest  velocities  resulting  in  partial  penetration. 
A  maximum  spread  of  45.7  m/s  (150  fps)  shall  be  permitted  between  the  lowest  and  highest 
velocities  employed  in  determination  of  ballistic  limits.  The  data  for  the  ATI  500- MIL™  steels 
ire  compared  to  the  base  line  ballistic  acceptance  dita  of  MIL-DTT-461CXE. 

TEST  PROJECTILES 

The  eigfc*  ATI  500- MIL™  plates  tested  for  First  Article  certification  ranged  in  thickness 
(nominal)  from  0.1 875~  (45  mm)  up  to  1.000"  (25.4  mm).  The  corresponding  test  projectiles 
and  plate  obliquities  required  fee  each  thickress  coder  MIL-DTL-461CDE  are  listed  in  Table  3. 
The  weights  and  sixes  of  the  projectiles  arc  shown  in  Table  4.  These  projectiles  are  shown  m 
Figures  1  and  2  with  the  145  mm  BS41  being  a  tungsten  carbidr  core  and  tfce  rest  hardened 
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steel.  la  some  case s.  additional  testing  was  c  coductcd  oatside  this  range  to  allow  the  data  to  be 
grafted  This  is  ncted  foe  the  aomiail  8mm  00.315")  thickness 


Table  3.  Thickness  Ranges  and  Correspcoding  Test  Projectiles  far  Fin*  Article  Testing 


Nominal  thickness  range,  in  (mm) 

Obliquity. 

drgrees 

Test  Projectile 

0.1 18  (3.0)  to  0.300  (7.62)  incl 

30 

Cal  0.30  APM2 

0.301(7.62)  to  0.590  (15.0)  iacL 

30 

Cal  0.50  APM2 

0.591  (15.0)  to  0.765  (19.4)  itcl 

30 

14.5  mm  B32 

30 

Table  4.  Geometries  and  Weights  of  Projectiles  Utilized  in  ATI  SOC^MIL™  Plate  Testing 


Projectile 

T>T* 

[  Projectile 

Unjlh 
in.  (mm) 

Diameter 

in.  (mm) 

Weight 
Grains  (*) 

L«iS0i 
in  (mm) 

Diameter 
in.  (mm) 

Weight 

G»aia.(g) 

0.3Ocal 

APM2 

I.J9(J5.3) 

0.31  (7.85) 

166(10.8) 

1.08(27.4) 

0.24  (61) 

81  (53) 

0.5O<ul 

APM2 

131  (58.7) 

0.51  (12.98) 

708  (45.9) 

1.87(475) 

0.43(10.9) 

4X  (25.9) 

14.5  cm 

B32 

161  (66.3) 

0.59  (14.86) 

950(61.1) 

109  (53.1) 

0.49  (12.4) 

633(41.0) 

14.5  ccn 
BS41 

107  (52.6) 

0.59(14*1) 

975  (63.2) 

1.27  (32.3) 

0.43  (10.9) 

585  (37.9) 

Figure  1.  The  0.30-Cal  APM2  aid 
0.50-Cal  APM2  Test  Projectiles 


figure  2.  The  14.5  mm  ES41  (top) 
and  B32  Test  Projectiles  (Bottom) 


RESULTS  AND  DISCUSSION 

The  Vj#  ballistic  limits  aid  standard  dcviaticci.  o.  far  each  plate  thickness  were  determined 
experimentally  for  the  ATI  500- MIL™  plates  and  the  data  is  shown  m  Table  5  far  each  tes* 
projectile,  figures  3-6  plot  the  V»  velocities  versus  te  ATI  5CO  MIL™  piate  thickness  as  well 
as  the  acceptance  velocity  specification  curs'e  for  IDIA  steel  (MIL- DTL46 1  COE).  The  ballistic 
aivazrtage  of  increased  alloying  can  be  seen  in  figures  3-6  where  all  the  plates  exceeded  the 
rcinimam  velocity  acceptance  velocities  of  the  specification  The  differences  were  significant  fee 
the  thinzer  plates  and  approached  the  acceptance  line  as  the  thkkness  increased.  The  solid  lines 
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of  the  acceptance  cwrc*  for  MIL-DTL-46100E  mccqxeute  approximately  two  standard 
deviance.*  reduction  below  typical  performance,  which  provides  an  acceptable  variance  to  allow 
the  high  hard  plate  to  meet  the  specification. 

Table5.  V5t  Plate  Acceptance  Resuks 


Nominal 

TTiick. 

Projectile 

Actual 

Thickness 

bLimm) 

Obliquity 

Anjlr 

n 

1V.(B*> 

Standard 
Deviation 
tVs  in*) 

01575(4*) 

0.30  cal  APM2 

0.202(5.1) 

3o 

2174 (663) 

43(13) 

0.25u  (635) 

0.30  cal  APM2 

0.272(6.9) 

30 

2688 (819) 

36(11) 

0.3125(7.94) 

0.30  cal  APM2 

0305(7.7) 

30 

2672(814) 

40(12) 

0.3125(7.94) 

0.50  cal  AIM 2 

0.305  (7.7) 

315 

2058 (627) 

“377141“ 

0375(953) 

0.50  cal  APM2 

03*1  (9.7) 

30 

2373 (723) 

43(13) 

0.5CO  (12.70) 

0.50  cal  APM2 

0.517(3.1) 

30 

2582  (787) 

56(17) 

0.625(15.88) 

14  5mm  B32 

0.614  (15.6) 

30 

2396  (730) 

43(13) 

•1.625  •  ■  -  *S'- 

14  5mm  B32 

0.607(15*) 

315 

2424  (739> 

32(9) 

0.750(19.05) 

145mm  B3l 

0.742  (18.8) 

3(5 

- - 

2760(841) 

43(13) 

l.OM  <25.40.. 

14.5mm  BS4 1 

0  «6  (24.5) 

“ 255TUS1- 

56(17) 

tfirknws  Onchoft) 

Figure  3.  ATI  SCO  MIL™  Plate  TTuckaew  versus  V*  Velocity 
for  the  0.30*Cal  APM2  0  30*  Obliquity 


Figure  4.  ATI  500-MU™  Plile  ’TCnciiKsi  versus  V„  Velocity 


for  the  0.50  Cal  APM2  4!  50*  Obliquity 

Rgure  5.  ATI  500-MIL~  Plate  Thickness  versus  V»  Velocity  for 
the  14.5mm  B32  ®  30°  Obbquity 
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Pi  gut  6.  AH  50)  MIL™  Ptuc  Thicks ess  versus  VM  Velocity 
fee  the  14  5mm  BS41  30‘ Obliquity 


The  0625"  thick  plate  that  did  not  meet  ti*  velocity  retirement  for  the  first  ballistic  place  and 
was  retested  in  accordance  with  the  procedures  xn  the  specification.  The  second  plate  passed  by 
35  fps.  The  effect  of  the  projectile  diameter  to  the  thickness  of  the  plate  may  be  a  ccctnbuting 
factor  on  possible  plug  formation  for  this  thickness  fee  this  projectile.  At  l  GO"  thickness,  the 
ability  to  harden  the  plates  by  air-quenching  may  be  reaching  a  limit,  resulting  m  tie  V**  velocity 
approaching  the  requirement.  The  inner  applications  for  HHA  plates  over  0750"  is.  however, 
limited  and  the  most  important  observation  is  tie  response  of  the  thinner  plates  to  the  ballistic 
test  projectiles.  This  significas*  performance  is  a  direct  result  of  the  aDoyiag  of  ATI  SOO-MIL™ 
steel.  The  first  ordered  thickness  of  MILDTL46iaiE  stmts  itO.lir  (3mm)  and  ATI  Defense 
is  expected  to  eventually  produce  plates  between  0.1 18"  •  0.1875". 


CONCLUSIONS 

This  paper  his  documented  the  ballistic  performance  of  the  first  Class  2  auto- tempered  HHA 
steel  under  MIL  DTL-46100E  The  increased  alloying  of  ATI  50OMIL™  steel  has  resulted  m  a 
very  Uxagh  high  hard  steel  for  both  blast  and  ballistic  applications.  The  development  and 
availability  of  an  air 'quenched,  auto  tempered  HHA  steel  increases  the  availability  of  high  hard 
plate  as  txadibooal  water  or  oil  quench  and  temper  facilities  are  not  repaired.  This  new  class  of 
Uxagh.  HHA  steel  plates  will  increase  the  metallic  arincc  solutions  to  armor  designers. 
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